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We present a comprehensive transport investigation of the itinerant antiferromagnet Mn3Si which
undergoes a spin density wave (SDW) order below TN ∼ 21.3 K. The electrical resistivity, the Hall-,
Seebeck and Nernst effects exhibit pronounced anomalies at the SDW transition, while the heat
conductivity is phonon dominated and therefore is insensitive to the intrinsic electronic ordering
in this compound. At temperatures higher than TN our data provide strong evidence for a large
fluctuation regime which extends up to ∼ 200 K in the resistivity, the Seebeck effect and the Nernst
effect. From the comparison of our results with other prototype SDW materials, viz. LaFeAsO and
Chromium, we conclude that many of the observed features are of generic character.
PACS numbers: 72.15.-v, 42.50.Lc, 75.30.Mb, 75.30.Fv, 75.50.Ee
I. INTRODUCTION
Intrinsic electronic ordering phenomena have in re-
cent years been a focus of condensed matter research
in the context of unconventional quantum phenomena,
e.g. unconventional superconductivity. For example,
in the cuprate high-temperature superconductors it is
well established that electronic ordering states, which
give rise to inhomogeneous charge and spin distributions,
exist and seemingly compete with the superconducting
state.1–4 Another important material class is that of the
more recently discovered iron-pnictide superconductors,5
where superconductivity emerges upon the suppression of
a spin density wave (SDW) state and which suggests that
the magnetic and superconducting ground states com-
pete for the electrons near the Fermi level.6–9 Electronic
ordering states such as SDW or charge density waves are
intimately connected with reconstructions of the Fermi
surface topology with respect to the non-ordered states,
which cause anomalous behavior of many physical prop-
erties at the phase transition. The transport properties
are of fundamental importance as the electrons at the
Fermi level are directly probed. This concerns in ad-
dition to the well known quantities resistivity, Hall and
Seebeck effects, also the Nernst effect, which came into
focus recently because of its sensitivity to subtle Fermi
surface changes and fluctuations.10–17
In this paper we take the impact of SDW ordering on
the transport coefficients under scrutiny by investigating
the transport properties of the itinerant antiferromag-
net Mn3Si which undergoes a SDW transition at about
25 K.18–22 We study in particular the electrical resistivity,
thermal conductivity, Hall, Seebeck and Nernst effects
in the temperature range from 10 K up to 300 K. Clear
anomalies are observed at the SDW transition which con-
firm it to be at ∼ 22 K and give strong evidence for a
large fluctuation regime which extends up to ∼ 200 K in
the resistivity, as well as the Seebeck and Nernst effects.
We compare our results with other prototype SDW ma-
terials, viz. the iron arsenide LaFeAsO and the classical
SDW prototype Chromium.
Mn3Si is an intermetallic compound with a lattice con-
stant of a = 5.722 A˚.23 It belongs to the broad fam-
ily of L21 Heusler compounds. In the typical Heusler
notation the compound is written as MnII2Mn
ISi with
two different crystallographic manganese sites. The
structure is described by four fcc-lattices with the fol-
lowing positions: MnI at (0,0,0), MnII at (14 ,
1
4 ,
1
4 )
and (34 ,
3
4 ,
3
4 ) and Si at (
1
2 ,
1
2 ,
1
2 ) in units of the lat-
tice constant a. Through the different surroundings of
the Mn-atoms they have different magnetic moments
µMnI = 1.72 µB and µMnII = 0.19 µB found by neu-
tron diffraction.18 Additional to the asymmetry of the
magnetic moments neutron diffraction experiments re-
vealed an incommensurable SDW with the wave vec-
tor ~q = 4.25 · 2π/a · (1, 1, 1).24 Thus Mn3Si is an itiner-
ant antiferromagnet with an incommensurate spin spi-
ral structure.18–21. Aside from these experimental re-
sults, theoretical work suggests the weak magnetic mo-
ment of MnII to be induced by the MnI moment25, consis-
tent with the Ku¨bler rule.26,27 Further theoretical work
predicted two nesting vectors of which one corresponds
to the experimentally found one.28,29 Early publications
concerning Mn3Si suggested it to be a possible candi-
date for half-metallic antiferromagnetism22,30–32, which
would represent a new paradigm of itinerant magnetism.
However, experimental evidence for such a ground state
remains elusive.
II. EXPERIMENTAL
The Mn3Si single crystalline samples were grown
33 us-
ing a two-phase radio frequency floating-zone method,
described in detail elsewhere.34 The orientation of the
crystals was determined using the X-ray Laue back scat-
tering method. The magnetic susceptibility was mea-
sured in a superconducting quantum interference device
2type magnetometer (SQUID, Quantum Design) to fur-
ther specify the sample properties.33 The specific heat
measurements were performed with a Physical Prop-
erty Measurement System (PPMS, Quantum Design).
All measurements shown here are performed on the
same Mn3Si sample with a cuboid shape of the size
0.5 x 0.5 x 2.25 mm3. Electric and thermal currents were
forced along the long axis of the crystal which was cut
to be the [110]-axis. Except for the specific heat all data
were taken in a homemade device. The resistivity and
Hall measurements were performed as a function of tem-
perature using a standard four-probe technique. During
the Hall effect measurements the transverse resistivity
ρxy was linear up to 15 T. All electrically conducting con-
tacts were made using a silver epoxy. For the heat con-
ductivity, the Seebeck and the Nernst effect measurement
we used a chip resistor as heater in a steady-state method
and a Au-Chromel differential thermocouple to measure
the temperature gradient ∇T along the sample.35 We
measured the Seebeck effect (also called thermopower) at
the same time as the heat conductivity by attaching two
electrical contacts to the sample along the temperature
gradient. The Nernst effect was measured in magnetic
fields up to 14 T, with the electrical contacts perpen-
dicular to the thermal gradient. The magnetic field was
applied perpendicular to these two directions, and the
Nernst signal was linear in field.
III. RESULTS
A. Heat capacity
The heat capacity is shown in FIG. 1. Except for the
pronounced anomaly with a maximum at T = 21.3 K
the heat capacity is monotonically rising with increasing
temperature. It resembles the behavior seen in earlier
measurements on polycrystals.22 In order to determine
the magnetic ordering temperature we refrain from ap-
plying the entropy conserving construction. Instead of a
smeared out and rather broad peak structure which one
would expect for a canonical second order type transition,
the anomaly possesses a characteristic λ-shape, which
points towards strong fluctuations (inset of FIG. 1). In
this case we find the transition temperature from the
paramagnetic to the SDW region to be exactly at the
peak temperature of the anomaly and thus TN ≃ 21.3 K,
which agrees rather well with previous reports.18,22 The
entropy conserving construction would yield a somewhat
higher TN around ∼ 24 K.
B. Resistivity
In FIG. 2 the resistivity is plotted as a function of
temperature. The absolute value at room temperature
is ρ(300 K) = 160 µΩcm and the extrapolated residual
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FIG. 1: (Color online) Heat capacity of Mn3Si (dots). Inset:
Heat capacity divided by temperature (dots) and extrapola-
tion above TN (line) as a guide to the eye
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FIG. 2: (Color online) Resistivity of Mn3Si (solid line), the
extrapolated linear high temperature behavior (solid straight
line) and the quadratic low temperature behavior (dashed
line). The transition temperature (dashed vertical line) is
indicated. Inset: low temperature resistivity versus T 2 to
demonstrate quadratic resistivity behavior below TN .
resistance is ρ0 = 14.88 µΩcm. Our measurement resem-
bles previous results on polycrystalline Mn3Si.
22 At tem-
peratures higher than ∼ 200 K the resistivity approaches
a linearly rising behavior with temperature, a typical
characteristic of electron-phonon-scattering (expressed
in the high temperature limit of the Gru¨neisen-Bloch
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FIG. 3: (Color online) Derivation of the resistivity of Mn3Si
(dots). Inset: resistivity deviation from the extrapolated high
temperature behavior ρ − ρextr (dots) solid line marks the
temperature T ∗ with maximum deviation.
formula36 as is indicated by the solid line in FIG. 2).
Apparently the resistivity deviates from this linear be-
havior towards higher values in a temperature region be-
tween 25 K and 200 K, where the maximum deviation
from the extrapolated linear T -dependence is at around
T ∗ = 55 K (cf. inset of FIG. 3). At T < T ∗ the resistivity
starts to decrease stronger and then crosses the extrapo-
lated high temperature linear T -dependence close to TN .
At temperatures below TN the resistivity decreases fur-
ther, exhibits an inflection point at T ∼ 20 K, i.e. nearly
exactly at TN and shows a crossover to a T
2-dependence
which is complete at T . 14 K.
The deviation of the resistivity from the expected lin-
ear high temperature behavior can only arise if the num-
ber of charge carriers or their relaxation time and thus
their scattering probability changes. Due to the very
small change of the Hall coefficient (see next section) we
attribute the deviation to magnetic fluctuations which
are indicated by the enhanced scattering of the charge
carriers. Below T ∗ the additional scattering reduces and
apparently vanishes at TN . This suggests that the en-
hanced scattering is intimately connected to the SDW
transition, where it seems natural to assign the enhanced
scattering to nesting related processes, and on the other
hand the reduction of scattering to the incipient mag-
netic order below T ∗ = 55 K. Note that the width of the
transition at TN as observed in the cp data corresponds
roughly to this temperature regime.
The strong decrease of ρ below TN indicates a drastic
reduction of the carrier scattering which even overcom-
pensates the reduced carrier density due the opening of
a SDW gap. Note that this gap opening seems to be
completed at the inflection point at ∼ 20 K, where the
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FIG. 4: (Color online) Hall effect of Mn3Si. Inset: calculated
charge carrier mobility (dots) and charge carrier density (tri-
angles) in an assumed one carrier type case.
decrease of the resistivity becomes weaker (cf. FIG. 3).
This marks the completion of the transition at TN . A
natural explanation for reduced scattering below TN is a
reduction of phase space upon the SDW transition. The
T 2-dependence of the resistivity at lowest temperature
is most reasonably explained by scattering on magnetic
one-particle fluctuations (magnons) in the antiferromag-
netic phase.37–39
It is interesting to compare these findings with resistiv-
ity data of other prototype SDWmaterials. The material
LaFeAsO may be viewed as a representative case of the
iron arsenide parent compounds exhibiting SDW order.
Its magnetic transition occurs at TN = 137 K which is
preceded by a structural transition from tetragonal to
orthorhombic at TS = 160 K.
40,41. The temperature
dependence of the resistivity of this compound42 is re-
markably similar to that of Mn3Si. This concerns almost
all the qualitative observations except a low-temperature
upturn which is present in the resistivity of LaFeAsO,
i.e. the linear high temperature behavior, the enhanced
scattering above TN and the strong reduction below, in-
cluding the inflection point.
The SDW order in Mn3Si has often been compared
with the elemental SDW material Cr.18,22 Surprisingly
the temperature behavior of the resistivity of Cr is very
different because it exhibits a small hump below TN .
43,44
C. Hall effect
The temperature dependence of the Hall coefficientRH
is shown in FIG. 4. RH is negative over the complete
temperature range, which in a one-band model corre-
sponds to electrons as charge carriers. Note that the
4one band picture is a simplified approach because Mn3Si
is known to be a multiband metal from band structure
calculations.45
At 300 K the Hall coefficient is
RH = −1 · 10
−4 cm−3/C and increases almost linearly to
more negative values upon decreasing the temperature
down to around 75 K where RH ≈ −2.8 · 10
−4 cm−3/C.
Such a weak temperature dependence of RH is charac-
teristic for multiband materials. Below 75 K and again
below TN the slope of RH(T ) changes towards larger
positive values which is connected to large negative
values of RH (RH ≈ −6 · 10
−4 cm−3/C at 17 K).
The drop of RH below TN can clearly be attributed
to the SDW order. The qualitative origin of this drop
can straightforwardly be connected with the opening of
a SDW gap. The slope change below 75 K corresponds
roughly to the region of incipient magnetic order which
above was identified by the reduction of the additional
scattering in the resistivity at T . T ∗, cf. FIG. 3.
We find that the mobility µ = RH/ρ strongly in-
creases with decreasing temperature, and again assum-
ing a one-band picture one can extract the carrier den-
sity n. Both quantities are shown in the inset of FIG. 4.
The carrier density at room temperature is found to be
n = 5.7 · 1022 cm−3. This value is somewhat lower than
that of elemental metals (K, Na)46 and thus, connected
with the relatively large value of the resistivity at room
temperature, Mn3Si may be qualified as a poor metal.
At this point it is again instructive to compare these
findings with the Hall data of LaFeAsO.16 There, the Hall
coefficient is in a similar way only weakly temperature
dependent above the transition temperature. Below the
closely connected TN and TS, the absolute value of the
Hall coefficient increases by roughly one order of magni-
tude. Thus, except for the absolute values we have prac-
tically the same behavior in both Mn3Si and LaFeAsO.
Early Hall effect measurements47 on Cr seem to yield
a similar anomaly at the SDW transition also in this
compound, indicative of a significant change of the carrier
density at the transition.
D. Thermal conductivity
The thermal conductivity plotted in FIG. 5 is nearly
constant for temperatures above 150 K with a value of
about κ = 10 WK−1m−1. Below this temperature κ
rises to a maximum of κmax = 114 WK
−1m−1 at 37 K
and goes down rapidly for T → 0. To understand the
contributions to the thermal conductivity we estimated
at first the electronic contribution by the Wiedemann-
Franz-law:
κ = LσT (1)
with L = pi
2
3
(
kB
e
)2
= 2.45 · 10−8 WΩK2 , the theoreti-
cal result of the Drude-Sommerfeld-theory. This yields
(see triangles in FIG. 5) a relatively small contribution
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FIG. 5: (Color online) Thermal conductivity of Mn3Si (dots),
electronic contribution calculated by the Wiedemann-Franz-
law (triangles). Inset: thermal conductivity of Mn3Si sub-
tracted by the electronic contribution (dots).
at low temperatures (T . 150 K). However at higher
temperatures it increasingly approaches the measured κ,
which is a sign that the electronic contribution is overes-
timated in this temperature regime. The inset of FIG. 5
shows the measured data with the electronic part sub-
tracted. As expected, the resulting heat conductivity
corresponds well to that of a typical phononic heat con-
ductor. Thereby we assume that Mn3Si does not have
a contribution of magnons. We did not observe a sig-
nificant anomaly below TN . Such an anomaly could in
principle arise from magnetoelastic coupling. A further
analysis of this rather featureless phonon dominated heat
conductivity of Mn3Si and a comparison with that of
other SDW materials is therefore concluded to not pro-
vide further insights.
E. Seebeck effect
The Seebeck coefficient (see FIG. 6) is negative over
the whole measured temperature range, consistent with
the negative sign of RH . The Seebeck coefficient of
Mn3Si has a value of S = −20 µV/K at 300 K and it
continuously falls to more negative values with decreas-
ing temperature towards a pronounced anomaly with
S = −160 µV/K at 33 K approaching S = 0 µV/K
for T → 0. The transport equations yield the following
expression for the thermopower:36
S =
π2
3
k2BT
q
[
∂ ln σ(E)
∂E
]
E=EF
(2)
where q denotes the charge of the carriers, σ(E) stands
for the electrical conductivity in dependence of the
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FIG. 6: (Color online) Thermopower of Mn3Si (dots). TN
is marked with a dashed line. Inset: Thermopower divided
by temperature (dots) and the constant value of S/T =
−0.04 µV/K2 (solid line).
energy.36 Since in Eq. (2) the Seebeck coefficient is de-
pending linearly on the temperature, it is worthwhile to
analyze S/T (see inset of FIG. 6). The strong temper-
ature dependence of this quantity apparently has to be
ascribed to the quantity ∂ ln σ(E)
∂E
which in the case of a
momentum independent mean free path le may be broken
down to:36
∂ ln σ(E)
∂E
=
∂ ln le
∂E
+
∂ lnAFS
∂E
(3)
Here, AFS denotes the Fermi surface area.
Eq. (3) suggests that the temperature dependence of
S/T can be understood as stemming from separate con-
tributions which are associated with the energy depen-
dence of scattering processes and that of Fermi surface
topology changes. If one suspects the changes in the
Fermi surface topology associated with the SDW phase
transition to occur in a relatively narrow temperature
range, then the second term of Eq. (3) contributes to
the temperature dependence of S/T only in the vicinity
of the phase transition. All other temperature depen-
dence is then captured by the first term. At T → ∞
and at T → 0 one expects the Fermi surface topology
to be robust and fluctuations (which presumably con-
tribute to the first term) to be negligible. Thus S/T is
expected to approach a constant value in both regimes.
For the high-temperature limit this is clearly observed in
the data, whereas the low-temperature limit is obviously
not reached in the present data. While the pondering
of these limits yields a clear-cut physical picture, it is
impossible to disentangle contributions of the two terms
in Eq. (3) in the vicinity of the SDW transition where
a strong temperature dependence is observed. For tem-
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FIG. 7: (Color online) Nernst coefficient of Mn3Si (dots).
Inset: Nernst coefficient divided by temperature.
peratures above TN , S/T strongly deviates at T . 200 K
from the high-temperature limit which has to be ascribed
to both changes of electron scattering and the Fermi sur-
face topology fluctuations. Scattering processes and fluc-
tuations freeze out at TN and therefore S/T is expected
to rapidly approach the low-temperature limit. This is
reflected in the strong changes of S/T and the observed
minimum. Note that the minimum is at a significantly
larger temperature than TN which means that the See-
beck coefficient responses already to a finite correlation
length at temperatures well above the ordered regime.
It is well known that in addition to these purely elec-
tronic effects the electron-phonon drag might play some
role in the Seebeck effect. The drag effect becomes ob-
servable in a temperature range where the heat conduc-
tivity and thus the phononic mean free path is high36.
Interestingly, the phonon heat conductivity (see FIG. 5)
peaks at the same temperature as the Seebeck coefficient.
It remains unclear whether this is just coincidental, or if
this indicates a significant importance of the electron-
phonon drag.
The comparison with Seebeck coefficient data16,43,48
for LaFeAsO and Cr shows that the observed character-
istics, namely a fluctuation regime at T > TN and a
sharp change of S at TN , are apparently generic features
at SDW transitions. Interestingly, the contributions in
the fluctuation regime and at T . TN have the same
sign in both LaFeAsO and Cr, whereas their sign is op-
posite in Mn3Si. We attribute these differences to details
of the band structure.
6F. Nernst effect
For measuring the Nernst effect a temperature gradi-
ent is applied along the x-direction of the sample in the
presence of a magnetic field B along the z-axis. The
Nernst signal N is a voltage drop as the signature of an
electric field Ey along the y-direction of the sample.
49,50
In non-superconducting metals the Nernst signal is ex-
pected to be linear in magnetic field. Thus one defines
the Nernst coefficient as
νN =
N
B
=
Ey
| − ∂x T | B
(4)
We are using the new sign convention after which a su-
perconducting vortex would give a positive contribution
to νN .
50 In compounds in which the phononic heat con-
ductivity is far higher than the electronic contribution to
the heat conductivity, as it is the case in Mn3Si at low
temperature, one can write for the Nernst coefficient51
νN =
[
αxy
σxx
− Sxx tan θ
]
1
B
(5)
αxy denotes the non-diagonal Peltier coefficient and
tan θ =
σxy
σxx
the Hall angle. In a simple one-band metal
the two terms on the right hand side are expected to
cancel each other out exactly, which is often called the
Sondheimer cancellation. It can be shown that in multi-
band metals and in superconductors in the mixed state
Sondheimer’s rule is violated.49,50 The Nernst coefficient
may therefore be considered as a measure to what extend
a metal deviates from a simple one-band metal.
An alternative expression for the Nernst coefficient is
given by50,52
νN = −
π
3
k2BT
eB
[
∂ tan θ
∂E
]
E=EF
(6)
In this formulation Sondheimer’s cancellation corre-
sponds to the exact vanishing of the energy dependence
of the Hall angle.50 Since the prefactor in Eq. (6) is linear
in temperature, and the Hall angle depends on both the
carrier scattering rate and their effective mass, one may
qualitatively analyze the temperature dependence of the
Nernst coefficient in a similar way as that of the Seebeck
coefficient, as will be discussed further below.
In the case of Mn3Si the Nernst coefficient at room
temperature is very small ∼ 1 nVK−1T−1, and decreases
roughly linearly to zero at about 150 K where νN (T )
changes its slope to a somewhat larger value. At 44 K a
kink appears and the Nernst coefficient decreases even
stronger with decreasing temperature towards a mini-
mum value of −8.2 nVK−1T−1 at ∼ 20 K. This is al-
most exactly the temperature of the inflection point in
the resistivity and that of the maximum of the specific
heat anomaly, i.e. TN . At lower temperatures, and thus
deep in the magnetic regime, the Nernst coefficient in-
creases strongly towards νN = 3.16 · 10
−2 µVK−1T−1 at
the lowest measured temperature of 7 K.
νN/T , which is plotted in the inset of FIG. 7 is very
small and temperature independent at T ≥ 150 K, which
shows that Mn3Si in this temperature regime behaves as
an ordinary metal in line with the linear resistivity at
T > 200 K. The strong temperature dependence at lower
temperature according to Eq. (6) stems from the energy
dependence of the Hall angle and implies strong changes
in the scattering time and the effective mass. It is clear
that both quantities experience strong variations in the
vicinity of the SDW phase transition, therefore we cannot
distinguish between these two contributions in the Nernst
coefficient. In a similar way as with the Seebeck coeffi-
cient we can understand the temperature dependence of
the Nernst coefficient in terms of a fluctuation regime in
the range TN < T < 150 K and a regime with a quali-
tatively different behavior at lower temperatures. Note
that the latter sets in at TN in contrast to the minimum
of the Seebeck effect.
We point out that the temperature dependence of the
Nernst and Seebeck coefficients is qualitatively very sim-
ilar. Since phonons are not influenced by the magnetic
field, this similarity implies that the electron-phonon
drag plays only a minor role in the Seebeck coefficient.
However, we note that despite the similarities at the high
and low-temperature regimes in the intermediary tem-
perature regime TN < T < 50 K the temeprature depen-
dencies of the two effects is remarkably different. This
concerns mostly the temperature of the minimum in the
vicinity of TN , which might indicate a different sensitivity
to the correlation length of the incipient SDW order.
The origin of the remarkable enhancement of the
Nernst coefficient in the regime 20 K ≤ T ≤ 44 K is un-
clear. One may speculate, however, that it corresponds to
enhanced fluctuations in the direct vicinity of the phase
transition. Interestingly, it roughly coincides with the
width of the specific heat anomaly and the temperature
regime between TN and T
∗ of the resistivity. This il-
lustrates that the measurement of the Nernst effect is a
remarkable and powerful complementary method to more
conventional transport coefficients which underpins that
this quantity is extremely sensitive to fluctuations of the
Fermi surface topology.
We again compare these findings with results for
LaFeAsO,16 where it is observed that the Nernst coef-
ficient is nearly constant and zero at T ≫ TN . Upon ap-
proaching the SDW transition from above, correspond-
ing fluctuations have also been reported to lead to an
enhanced Nernst response, which increases even further
below the SDW transition. Note that in LaFeAsO the
fluctuation-enhanced and the SDW-enhanced Nernst co-
efficient are of the same sign, whereas the respective signs
are opposite in Mn3Si.
IV. CONCLUSION
In conclusion, we investigated a comprehensive set of
transport coefficients on a single crystalline sample of
7the itinerant antiferromagnet Mn3Si. All transport coef-
ficients except the thermal conductivity are sensitive to
the SDW transition in this material and exhibit strong
anomalies around the ordering temperature TN ∼ 21.3 K.
These anomalies qualitatively arise from both strongly
temperature-dependent changes of the relaxation time
and the Fermi surface topology changes in relation to the
SDW transition. Such transport investigations are there-
fore an important and powerful tool for disentangling the
nontrivial nature of the magnetism of itinerant electron
systems. This is further demonstrated by the apparent
generic nature of many of the observed characteristics
related to the phase transition, which are deduced from
comparison with similar studies on other prototype SDW
compounds. We point out that the rarely studied Nernst
effect apparently provides a rather rich spectrum of in-
formation which underpins the potential of this quantity
for experiments in solid state physics.
An interesting finding which is evident in Mn3Si from
the resistivity, Seebeck coefficient and Nernst coefficient
data is a large fluctuation regime which extends up to
about 200 K. Fluctuations which evolve already at tem-
peratures almost one order of magnitude higher than the
actual ordering temperature appear rather unusual for
a three dimensional metal. One might speculate that
this large fluctuation regime is the signature of compet-
ing orders in the compound. This notion is nourished
by the theoretical finding of a second nesting vector in
the electronic structure which is calculated to cause an
even stronger instability than that related to the actual
observed order.28,29
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